Summary. Mouse oocytes exposed to 1 \ g=m\ g Hoechst 33342 (H-33342)/ml and then fertilized in vitro developed normally into blastocysts and blastocyst outgrowths. After penetration of the zona, the fertilizing spermatozoon showed intense fluorescence upon fusion with the vitelline membrane. Due to fluorochrome leakage from the perivitelline space a faint fluorescence was detected in zona-bound spermatozoa. This fluorescence of zona-bound spermatozoa intensified with increased fluorochrome concentration (10\g=m\g/ml),obscuring the fluorescence of the fertilizing spermatozoa. Spermatozoa added to zona-free mouse oocytes (pre-loaded with 1 or 10 \g=m\gH-33342/ml) fluoresced within 10 min of insemination, provided the zonae were removed mechanically. Removal by protease digestion induced leakage of fluorochrome, so that all spermatozoa in the vicinity of an oocyte pre-loaded with 10 pg H-33342/ml became labelled. This leakage was not visibly apparent when protease-treated oocytes were exposed to only 1 \g=m\g H\ x=r eq-\ 33342/ml. The technique could not be applied to zona-free hamster oocytes under our conditions, since the fluorochrome leaked freely from the oocytes whether the zona was removed mechanically or enzymically.
Introduction
The bisbenzimidazole fluorochromes bind reversibly to sequences of 3 or more adenine-thymine pairs of double-stranded deoxyribonucleic acid (Comings, 1975; Müller & Gautier, 1975; Richards et al, 1985) . Binding appears to occur externally, rather than by intercalation. One such fluorochrome, Hoechst 33342 (H-33342) has been used to label and count the nuclei of preimplan¬ tation mouse embryos without loss of viability (Critser et al, 1983; Ebert et al, 1985; Luttmer & Longo, 1986) and to assess the distribution of chromatin in non-cleaving human oocytes from patients treated by in-vitro fertilization (O'Rand et al, 1986 ). H-33342 has also been used to label spermatozoa so that their entry into opaque pig oocytes may subsequently be detected (Eng et al, 1986 ).
Hinkley et al (1986) have reported that sperm-oocyte fusion could be detected by pre-loading unfertilized sea urchin oocytes with H-33342. Upon fusion with the oocyte plasma membrane, the fertilizing spermatozoon incorporated the fluorochrome and fluoresced. We have now success¬ fully applied a similar fluorochrome transfer technique to detect fusion between mammalian gametes.
•Reprint requests to Ralph B. L. Gwatkin. 
Materials and Methods
Gamete collection. Spermatozoa were expressed from the tails of both epididymides and vasa deferentia of CBA/J male mice (Jackson Laboratories, Bar Harbor, ME) into 500 ml IVF medium (Hogan et al, 1986 ) supplemented with bovine serum albumin (30 mg/ml, Fraction V, Sigma Chemical Co., St Louis, MO). The composition of IVF medium is: 99-23 mM-NaCl, 2-68mM-KCl, 0-36mM-NaH2PO4.2H2O, 0-36mM-CaCl2.2H2O, 0-49mM-MgCl2.6H2O, 2500 mM-NaHC03, 2500 mM-sodium lactate, 0-50 mM-sodium pyruvate, 5-56mM-glucose, 100 units K-penicillin/ ml, 50µg streptomycin sulphate/ml, and 0001% phenol red. The sperm suspension was incubated under silicone oil (Dow Corning 200 Fluid, Dow Corning Corporation, Midland, MI) at 37°C under an atmosphere of 5% C02, 5% 02 and 90% N2 for 1-5 h to allow for capacitation. Typically 2 male mice were killed and 3 epididymides and vasa deferentia were used to obtain the desired concentration of 2-5 IO7 spermatozoa/ml. Young C57BL/6J female mice (5-6 weeks of age: Jackson Laboratories) were induced to superovulate by injec¬ tion of 5 i.u. PMSG (Sigma) followed 48 h later by 5 i.u. hCG (Sigma). At 12-13 h after hCG injection, cumulus masses were released from the swollen ampulla of the oviducts into Medium M16 (Whittingham, 1971; 94-66 mM- NaCl, 4-78mM-KCl, 1-71 mM-CaCl2.2H20, 119mM-KH2P04, 119mM-MgS04.H20, 25-00 mM-NaHC03, 23-28 mM-sodium lactate, 0-33 mM-sodium pyruvate, 5-56mM-glucose, 0-4% BSA, 100 units K-penicillin/ml, 50 µg streptomycin sulphate/ml and 0-001% phenol red). Cumulus cells surrounding the oocytes were removed by treat¬ ment with 01% hyaluronidase (Sigma) (Sigma) . A drop of medium (100 µ ) containing the blastocysts was placed on a sterile circular 22 mm coverslip supported by the inner well of a plastic organ culture dish (Falcon, Cockeysville, MD), while the outer well of the dish was filled with medium to prevent evaporation (Gwatkin & Meckley, 1966) . Blastocysts were cultured at 37°C in a 5% C02, 95% air mixture for 4 days to obtain blastocyst outgrowths.
To prevent sperm-oocyte fusion, Ca2 
Results
Effects of H-33342 on zona-intact mouse oocytes
The possible toxicity of H-33342 was assessed by determining the percentage of stained oocytes that cleaved and blastulated after in-vitro fertilization (Fig. 1) . Table 1 shows that only 2% of the oocytes pre-loaded with H-33342 at 10 pg/ml reached the blastocyst stage. However, at a concen¬ tration of 1 pg/ml, 32% of the oocytes developed to blastocysts. This is not significantly different from 36% of the controls.
The blastocysts which resulted from stained oocytes (1 pg H-33342/ml) continued to develop into blastocyst outgrowths when placed in Ham's F-10 medium supplemented with 10% fetal calf serum. Once the blastocysts 'hatched' from their zona they attached to the coverslip and the trophoblast cells could clearly be distinguished from the inner cell mass after 4 days of growth. There was no morphological difference between outgrowths which developed from stained oocytes (1 pg/ml) and unstained oocytes (Fig. 2) .
Pre-loading of mouse oocytes with H-33342 for early detection ofsperm-oocytefusion
Initial studies showed that not only is a high concentration of H-33342 (10 pg/ml) toxic to embryos but that it also results in sufficient leakage to stain unbound spermatozoa in the vicinity of the oocyte. This occurred even after several washes. It appeared that fluorochrome trapped within the perivitelline space leaked out into the surrounding medium, resulting in zona-bound and unbound spermatozoa showing fluorescence. The bright fluorescence of the zona-bound spermatozoa made detection of the single fertilizing spermatozoon at the time of fusion difficult. In Fig. 3 , the fertilizing spermatozoon has begun to decondense and is therefore easier to detect. However, zona-intact oocytes stained with 1 pg H-33342/ml showed minimal leakage and so the fertilizing spermatozoon could easily be detected by its bright fluorescence in comparison with the faint fluorescence of the zona-bound spermatozoa (Fig. 4) . Mechanical removal of the zona before staining alleviated the problem of fluorochrome leakage altogether (Fig. 5) . However, with the major block to polyspermy removed, up to 6 spermatozoa sometimes fused with the oocyte vitelline membrane. Even with a high fluorochrome concentration (10 pg/ml) only the fused spermatozoa fluoresced. However, the result was entirely different when the zona was removed enzymically (01 % protease) from pre-treated oocytes (10 pg H-33342/ml). All bound (but not necessarily fused) spermatozoa and even unbound spermatozoa fluoresced. Reducing the fluorochrome to 1 pg/ml resulted in only the fused spermatozoa showing fluorescence. Sperm-oocyte fusion could be detected 2 h after insemination with zona-intact oocytes. When the zona was removed mechanically, sperm-oocyte fusion was detected within 10 min of insemination. Oocytes which had their zonae removed by protease treatment did not show evidence of sperm-oocyte fusion until 2 h after insemination. In all cases decondensation of sperm DNA occurred about 1 h after fusion (Fig. 6) , and formation of pronuclei occurred within 6-8 h after insemination (Fig. 7) .
To establish that fusion was responsible for fluorochrome uptake by spermatozoa, we omitted Ca2 + , which is needed for fusion (Yanagimachi, 1978) , from the medium. In Ca2 + -depleted medium, spermatozoa attached to the vitelline membrane, but even at 4 h after insemination, only a very low percentage of zona-free oocytes (mechanical removal) exhibited fluorescent sper¬ matozoa (6-7%; Table 2 ); the majority showed only maternal DNA fluorescence (Fig. 8) . In the controls, fluorescent decondensed sperm heads could be seen 2 h after insemination. When oocytes inseminated for 2 h in Ca2
+ -free medium were placed in Ca2 +-containing medium, fusion of the already bound spermatozoa could be detected within 1-2 h (Table 2) . phase-contrast optics (a), but sperm fusion with the H-33342 pre-loaded oocyte (1 pg/ml) has not occurred (3 h after insemination) and therefore only the metaphase II chromosomes (M) show fluorescence (b). Bar = 10 µ . Fig. 9 . Phase-contrast (a) and fluorescence (b) micrographs of H-33342 (10 pg/ml) pre-loaded zona-free hamster oocytes inseminated with capacitated hamster spermatozoa. Bound and unbound spermatozoa show fluorescence, demonstrating the high degree of fluorochrome leak¬ age by the zona-free hamster oocyte. Bar = 10 µ .
Zona-free hamster oocyte penetrations The same staining techniques used for mouse oocytes were applied to mature zona-free hamster oocytes subsequently exposed to capacitated mouse or hamster spermatozoa. At the low fluorochrome concentration (1 pg H-33342/ml) only the maternal chromosomes (metaphase II) and the polar body appeared fluorescent 30 min after insemination. By 2 h after insemination no fluorescence of any DNA body could be detected, despite obvious fusion and sperm decondensa¬ tion as seen with phase-contrast optics. Mechanical or enzymic (0-1 % trypsin) treatment to remove the zona gave the same results. At a higher dye concentration (10 pg H-33342/ml) bound and unbound spermatozoa fluoresced (obscuring the fluorescence of the maternal DNA bodies) in the mechanically and enzymically-treated oocytes (Fig. 9) . Zona-intact hamster oocytes stained with 5 pg H-33342/ml showed clear metaphase and polar body DNA fluorescence up until 1 h after staining, but thereafter the fluorescence faded. No fluorescence was seen 2 h after staining.
Discussion
The bisbenzimidazole dye H-33342 is a non-toxic DNA-specific stain which allows assessment of DNA organization and distribution within living cells (Arndt-Jovin & Jovin, 1977; Lydon et al, 1980; Cristere'a/., 1983; Hinkley et al, 1986; Luttmer& Longo, 1986) . The non-toxic properties of H-33342 depend on cell type and dye concentration, with 1-10 pg H-33342/ml being the typical concentration range used to obtain non-toxic effects in a variety of cell types. However, we found that, with mature mouse oocytes, a concentration of 10 pg H-33342/ml produced detrimental effects, while the viability of oocytes stained with 1 pg H-33342/ml was not significantly different from controls (Table 1 Gwatkin, 1977) . During staining, the fluorochrome not only enters the oocyte cytoplasm and nucleus but also becomes trapped within the perivitelline space. Even with repeated washes after staining, remaining fluorochrome leaks through the zona and becomes incorporated in the DNA of zona-bound spermatozoa. Lowering the fluorochrome concentration reduced zona-bound sperm fluorescence to a workable level but did not eliminate it.
Fusion studies could be effectively carried out after the zona was removed with a narrowbore pipette, but removal by protease digestion resulted in leakage of fluorochrome from the vitellus. This leakage was only apparent when the protease-treated oocytes were exposed to a high-fluorochrome concentration (10 pg/ml), and was probably due to the enzymic removal of membrane glycoproteins (Weiss, 1966) . Our finding that protease treatment delayed fusion is in agreement with this possibility. Wolf et al. (1976) have also observed that protease digestion of the mouse zona delays gamete fusion.
We have several lines of evidence to support the association of fluorescent spermatozoa with the event of sperm-oocyte fusion. First, only one intensely fluorescent spermatozoon was detected in zona-intact oocytes pre-loaded with 1 pg H-33342/ml. However, with the block to polyspermy removed, 1-6 fluorescent spermatozoa were observed in zona-free oocytes. In zona-intact and zona-free oocytes, many additional non-fluorescing spermatozoa were found bound to the zona or the vitelline membrane, respectively. Second, in studies using Ca2 + -free medium 93-94% of zonafree mouse oocytes did not show any fluorescent spermatozoa 4 h after insemination (see Table 2 ).
Ca2
+ has been found to be essential for fusion of hamster, guinea-pig and human spermatozoa with oocytes (Yanagimachi, 1978) . The low level of sperm fluorescence detected (6-7%) can be explained by the presence of trace amounts of contaminating Ca2+ and/or Mg2+ (119mM) in the medium. Mg2+ can replace Ca2+ in eliciting sperm-oocyte fusion, although less effectively (Yanagimachi, 1978) .
The zona-free hamster oocyte appears to differ from that of the mouse in leaking fluorochrome even when the zona is removed mechanically. This observation suggests that its vitelline membrane behaves differently, at least under our in-vitro conditions. This could be related to the wellknown ability of the hamster vitellus to allow hetero-specific sperm entry (see Yanagimachi, 1984) and to the failure of any known culture medium to support cleavage of the hamster zygote to the blastocyst stage (see Bavister, 1986) .
It should also be noted that H-33342 is reversibly bound to DNA. Arndt-Jovin & Jovin (1977) found that several 1-h washes effectively removed all DNA-bound fluorochrome from a variety of cell lines. Observations with zona-free hamster oocytes stained with a low concentration of H-33342 (1 µg/ml) showed a fading of metaphase II DNA fluorescence with time, until no DNA fluorescence was detected 2 h after insemination. This suggests uncoupling of the DNA/ fluorochrome complex, in essence the same result as a series of washes with less leaky cells.
In conclusion, H-33342 pre-loading of zona-free mouse oocytes, and possibly those of some other mammalian species, permits rapid detection of gamete fusion. At present, either because of an inherently leaky hamster vitelline membrane or because of sub-optimal culture conditions, this technique probably cannot be used as a rapid test with zona-free hamster eggs for human sperm fertility.
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